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Friction coefficients (static friction coefficient (SFC) and dynamic friction coefficient (DFC))
of pomegranate seed on different structural surfaces (glass, aluminum, plywood, galva-
nized steel and rubber) as affected by moisture content (4–21.9% (d. b.)) and sliding velocity
(1.4–16 (cm/s)) were investigated. Analysis of variance (ANOVA) was performed to deter-
mine the effect of main treatments and their interactions on SFC and DFC. Significance
of single or multiple effect of the main treatments with five levels was assessed using Dun-
can’s multiple range test (DMRT). To predict SFC and DFC, multiple linear regression (MLR)
modeling technique was applied for each type of structural surface. The goodness of fit of
each MLR model was evaluated using statistical parameters: coefficient of determination,
root mean square error and mean relative deviation modulus. Results showed that the
minimum and maximum SFC or DFC were in minimum and maximum moisture content
on glass and rubber surface, respectively. ANOVA table indicated the significant effect of
main treatments and their interactions on SFC and DFC at significance level of 1%
(P < 0.01). According to DMRT results, SFC linearly increased as moisture content increased
and DFC increased also linearly as individual or simultaneous increment of moisture con-
tent and sliding velocity occurred, for all experimental conditions. According to the
obtained statistical parameters, both SFC and DFC were properly predicted by means of
MLR modeling technique.
 2016 China Agricultural University. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction consumed as fruit in human food, but also used as an indus-Pomegranate (Punica granatum L.) is one of the popular fruits
in the world. This horticultural product has not only beentrial crop. Hence, it is cultivated and processed in many hor-
ticultural units in the world. An edible part of pomegranate
is its aril. Aril contains liquid part (juice) and seed.iple range
an square
Nomenclature
F friction force (N)
FC friction coefficient
S sphericity (%)
W width (mm)
Ww mass of added distilled water (g)
Wt initial mass of sample (g)
Mf final moisture content of sample (d. b.%)
Mi initial moisture content of sample (d. b.%)
xi ith MLR model variable
Ea average of experimental data
N normal force (N)
Dg GMD (mm)
L length (mm)
T thickness (mm)
Sa surface area (mm
2)
a0 MLR model constant
Pi ith predicted data
Ei ith experimental data
ai ith MLR model constant
n number of used data
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juice production, in recent years, a common industrial pro-
duct extracted from pomegranate seed is its oil. Therefore,
attempts are now being made on optimization of oil extrac-
tion from pomegranate seeds [1–4]. Besides, pomegranate
seeds are used in manufacturing medicinal products as raw
material. Accordingly, sufficient information of physical prop-
erties and characteristics of each part of pomegranate fruit
will be necessary to obtain the best condition in mechanized
processing.
Major dimensions (length, width and thickness), mass,
GMD, surface area, sphericity and friction coefficient are
some important physical characteristics which are frequently
used in designing handling and processing equipment such
as conveyors, separation, cleaning, drying and storing equip-
ment [5].
Friction coefficients of grains, forage materials, and other
agricultural products on wood, metal and other structural
surfaces are necessary for logical designing and predicting
the material flow in harvesting or handling equipment. These
coefficients are also essential in determining the pressure of
grain on container walls [6].
Friction forces appear between two contact surfaces.
Before starting the movement of an object, static friction
force acts as a resistive force, while dynamic friction force
occurs between moving surfaces. The friction force is a func-
tion of friction coefficient. Relation between friction force and
friction coefficient is formulated by the following equation [7].
F ¼ FCN ð1Þ
According to Eq. (1), friction coefficient directly affects the
friction force. Thus, knowing friction coefficients is necessary
to determine friction force value. From industrial standpoint,
it indirectly helps in optimization of equipment designing to
prevent mechanical injuries to product during mechanized
processes.
Friction coefficients are categorized as SFC and DFC
regarding static and dynamic friction force, respectively. The
SFC and DFC of agricultural materials depend on moisture
content. Furthermore, they are changed as structural surface
is changed. In case of DFC, the sliding velocity of materials is
important, too [6].A review of published papers demonstrated that both SFC
and DFC of some horticultural products were determined as
influenced by moisture content or structural surface. Such
studies were carried out for watermelon [8], hazel [9], apple
[10], almond [11], orange and sweet lemon [12], strawberry
[13], cactus pear [14], walnut [15] and tomato [16]. Overall out-
come obtained from comparison of their results indicated
that the SFC or DFC of each product is unique and it is not
possible to generalize it. Therefore, exact determination of
SFC and DFC of each product taking experimental conditions
into consideration is valuable.
During post-harvest process of pomegranate aril and seed,
it is desirable to prevent seed or aril from slipping and escap-
ing from the defined location of equipment. Thus, according
to level of moisture content of samples and type of structural
surface, estimation of holding force seems to be of great
importance. Furthermore, at each specific level of sliding
velocity or moisture content and type of structure surface,
handling force for transferring samples through the equip-
ment must overcome the dynamic friction force. Therefore,
required holding and handling forces are indirectly related
to SFC and DFC, respectively.
Despite comprehensive investigations on some physical
properties of pomegranate seed which can be found in litera-
ture [17–19], there is no extensive study on determination of
SFC and DFC of pomegranate seed as affected by several
conditions. Results of such a study are useful for design and
optimization of associated equipment for processing pome-
granate aril and seed, especially in separating seed from aril
and seed oil extraction. Hence, the aims of the present study
were limited to below items:
1- Exact determination of SFC as affected by moisture
content and structural surface, and DFC as influenced
by moisture content, structural surface and sliding
velocity.
2- To perform statistical analysis for determination of the
effect of moisture content, structural surface and their
interaction on SFC, and moisture content, sliding veloc-
ity, structural surface and their interaction on DFC.
3- Evaluation of significant deference between treatment
levels.
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prediction on the basis of moisture content and sliding
velocity for corresponding structural surface.
2. Materials and methods
2.1. Raw material collection
Atabaki variety of pomegranate fruit was chosen because it is
a well-known variety cultivated in Fars province of Iran. One
hundred fresh fruits were randomly gathered from a local
market suggested by Horticulture Unit of Agricultural
Research Center of Fars. Pomegranate arils were then sepa-
rated from fruits. The seeds of arils were manually extracted
and washed with distilled water to eliminate surface residual
arils. Clean seeds were then carefully dried with napkin.
Eventually, the prepared seeds were transferred to the labora-
tory to determine physical properties.
2.2. Physical properties of seed
A set of 100 samples was randomly selected to determine
physical properties of the seeds. Size of the seeds was
obtained from the major dimensions. The length, width and
thickness of each seed were measured using a digital
micrometer with 0.01 (mm) as its least count. The mass of
each seed was obtained by weighing with a precision elec-
tronic balance of 0.001 (g) accuracy. Some shape indices of
seeds (GMD, surface area and sphericity) were calculated
using the following equations [6].
Dg ¼ ðLWTÞ1=3 ð2Þ
Sa ¼ pðDgÞ2 ð3Þ
S ¼ ðDg=LÞ  100 ð4Þ2.3. Initial moisture content determination
Seeds were heated at 105 ± 2 (C) in an air convection oven
until a constant weight was obtained. The initial moistureFig. 1 – Schematic of the used Scontent of the seeds was then determined based on oven dry-
ing standard method [20]. To avoid measurement error, the
tests were conducted in triplicate and mean value was used.
The initial moisture content of seeds was 1.46% (d. b.).
2.4. Sample preparation
The seeds were hydrated to attain a desirable moisture con-
tent in range of 4–21.9% (d. b.) by adding certain quantity of
distilled water calculated from the following equation [21–23].
WW ¼WtðMf MiÞð100Mf Þ ð5Þ
The soaked samples were packed in separate polyethylene
bags and stored in a refrigerator at temperature range of 5
± 0.5 (C) for 10 days. This time period resulted in water uni-
formly absorbed into seeds [24,25]. Approximately two hours
before starting the experimental tests, the samples were
placed at ambient condition to warm up to room temperature
[26].
2.5. Frictional trials
The SFC of samples was measured on five structural surfaces,
namely rubber, glass, plywood, galvanized steel and alu-
minum, at specified levels of moisture content. The SFC mea-
suring system setup used was originally suggested by Singh
and Goswami [27] and upgraded by other researchers
[28,29]. A detailed schematic of the setup is illustrated in
Fig. 1. The technical specifications of the system can be found
in the literature.
The DFC of samples was precisely determined for each
specified level of moisture content, mentioned structural sur-
faces and sliding velocity in range of 1.4–16 (cm/s) using a DFC
measuring system setup, initially proposed by Clark and
Mcfarland [30] and modified and frequently used by other
researchers, afterwards [31–33]. The system is depicted
schematically in Fig. 2. The details of development and other
aspects of the system are available in the literature.
Before starting the tests, the surface was cleaned using
compressed air to remove any remaining matter from previ-
ous tests. Each test was carried out in five replications.FC measuring system setup.
Fig. 2 – Schematic of the used DFC measuring system setup.
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The data (125 and 625 sets for SFC and DFC, respectively)
obtained from five levels of moisture content, sliding velocity
and five types of structural surface by five replications were
processed using statistical analysis system of SPSS 21 soft-
ware (SPSS Inc., Chicago, IL, USA). ANOVAwas used to evalu-
ate the effects of structural surface, moisture content and
their dual interactions on SFC and also the effect of moisture
content, sliding velocity, structural surface and their dual and
triple interactions on DFC. The method was conducted based
on factorial experiments in completely randomized design
with two and three treatment factors for SFC and DFC,
respectively, at 1% significance level. Furthermore, significant
differences of means were compared using DMRT at 99%
probability level.
2.7. MLR modeling
The MLR model (Eq. (6)) [34] was fitted to mean values
obtained from each experimental condition by means of
MATLAB R2014b software (The Mathworks, Inc., Natick, MA,
USA). According to Eq. (6), MLR model can be applied for the
numbers of numerical variables. In this study, two numerical
variables (moisture content and sliding velocity) were applied
in the model, the structural surface is a nominal variable,
however. Therefore, five models were adopted for five struc-
tural surfaces. In the case of SFC data, zero was considered
for sliding velocity in the model. The coefficients of fitted
models were also determined.Table 1 – Some physical properties of pomegranate seed.
Physical property Mean v
Length (mm) 6.851
Width (mm) 2.898
Thickness (mm) 2.298
Mass (g) 0.031
GMD (mm) 3.876
Surface area (mm2) 47.125
Sphericity (%) 55.024FC ¼ a0 þ
Xi¼n
i¼1
aixi ð6Þ
To evaluate the goodness of fit of MLR model to experi-
mental data, some statistic parameters were used. Coefficient
of determination (R2), RMSE and MRDM betweenmodeled and
measured values were calculated based on the following
equations [35–38].
R2 ¼ 1
Pi¼n
i¼1ðEi  PiÞ2Pi¼n
i¼1ðEi  EaÞ2
 !
ð7Þ
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
n
Xi¼n
i¼1
ðPi  EiÞ2
vuut ð8Þ
MRDM ¼ 100
n
Xi¼n
i¼1
jPi  Eij
Ei
 
ð9Þ3. Results and discussion
3.1. Physical properties
The determination details of length, width, thickness, mass,
GMD, surface area and sphericity of pomegranate seed are
reported in Table 1. The length, width, thickness, mass,
GMD, surface area and sphericity were in the range of
5.412–8.102 (mm), 0.944–3.857 (mm), 1.547–3.004 (mm),
0.019–0.046 (g), 2.954–4.124 (mm), 41.154–56.112 (mm2) and
48.875–59.451%, respectively.alue Standard deviation
0.393
0.315
0.185
0.014
0.129
1.842
1.124
Table 2 – Summary results of obtained SFC and DFC of pomegranate seed.
Type Mean value Standard deviation Minimum value Maximum value
SFC 0.437 0.117 0.232 0.694
DFC 0.434 0.098 0.191 0.632
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Summary results of SFC and DFC of pomegranate seed
obtained from different structural surfaces, five levels of
moisture content and sliding velocity are tabulated in Table 2.
With reference to Table 2, lowest and highest SFC were found
in the lowest and highest levels of moisture content on glass
and rubber surfaces, respectively. Similar to SFC results, the
minimum andmaximumDFCwere observed in theminimum
and maximum levels of moisture content and sliding velocity
on glass and rubber, respectively.
In case of SFC, two influential variables were studied
while, for the DFC, three influential variables were studied.
Thus, the number of data used to calculate standard deviation
of DFC was more than those of SFC. Accordingly, the standard
deviation value of DFC was less than that of SFC (Table 2).
Comparing SFC data of this study with previous studies for
some horticultural products, it was demonstrated that the
observed SFC variation range was in agreement with the
results of studies conducted by Omobuwajo et al. [39] for
apple, Gezer et al. [40] for apricot, Pliestic et al. [41] for filbert,
Saberi-Moghadam et al. [42] for date.
A review of the literature proved that DFC variation
obtained from the results of this study was in the same range
as previous findings for some horticultural products such as
watermelon, apple and cactus pear [8,43,14].
3.3. Data analysis
Table 3 presents ANOVA results for SFC determination of
pomegranate seed as affected by moisture content and struc-
tural surface. Also, Table 4 reports ANOVA results for effect of
moisture content, structural surface and sliding velocity on
DFC. According to these tables, it can be inferred that the
effect of main treatments and interaction of them on SFC
and DFC were significant (P < 0.01). From an engineering point
of view, these effects on SFC and DFC must be taken into
account in design of corresponding equipment to achieve
the best operation conditions.Table 3 – ANOVA results for measured SFC of pomegranate seed
Source of variation Degree of freedom Sum of squares
Moisture content (MC) 4 0.478
Structural surface (SS) 4 1.206
MC  SS 16 0.030
Error 100 0.017
Total 124 1.731
** Significant at P < 0.01.Contribution of variation on SFC and DFC is also indicated
in the tables. According to the results, the highest contribu-
tion of variation was found for structural surface succeeded
by moisture content and sliding velocity, respectively. There-
fore, it was expected that the effect of structural surface on
SFC and DFC was greater than that of moisture content and
sliding velocity.
Puchalski et al. [43] and Kabas and Ozmerzi [14] also
reported such effects on SFC and DFC of apple and cactus
pear, respectively, at significance level of 0.001.
3.4. Effect of main treatments
3.4.1. Moisture content
Figs. 3 and 4 show the effect of moisture content on SFC and
DFC of pomegranate seed for all experimental conditions,
respectively, based on DMRT results. The increasing trend of
SFC or DFC as affected by moisture content increment from
4 to 21.9% (d. b.) can be observed in the figures. From the val-
ues shown in Figs. 3 and 4, it is comprehended that the incre-
ment of moisture content from minimum to maximum level
led to the increase of SFC and DFC by 49.43% and 40.06%,
respectively. According to previous researches, as the mois-
ture content increases, the seeds become stickier and, conse-
quently, the cohesive force increases between seeds and
structural surface resulting in the increment of both SFC
[44–46] and DFC [47,48]. The same results for SFC of some hor-
ticultural product seeds were reported by other researchers
[49,50].
3.4.2. Sliding velocity
Fig. 5 displays the effect of sliding velocity on DFC of pome-
granate seed for all experimental conditions, respectively,
based on DMRT results. According to the figure, DFC has ten-
dency to increase as sliding velocity increases. With reference
to Fig. 5, it can be seen that DFC has considerably varied from
lowest to highest value by about 37%. The increase of DFC
regarding the increment of sliding velocity is due to tempera-
ture rise, and therefore, adhesive force at higher sliding veloc-.
Mean square F value Contribution of variation (%)
0.119 697.484** 27.61
0.302 1760.225** 69.67
0.002 10.830** 1.74
0 0.98
100
Table 4 – ANOVA results for measured DFC of pomegranate seed.
Source of variation Degree of freedom Sum of squares Mean square F value Contribution of variation (%)
Moisture content (MC) 4 1.663 0.416 1752.175** 26.93
Structural surface (SS) 4 2.637 0.659 2777.828** 42.71
Sliding velocity (SV) 4 1.341 0.335 1413.036** 21.72
MC  SS 16 0.273 0.017 71.923** 4.42
MC  SV 16 0.020 0.001 5.291** 0.33
SS  SV 16 0.045 0.003 11.915** 0.73
MC  SS  SV 64 0.076 0.001 5.010** 1.23
Error 500 0.119 0 1.93
Total 624 6.175 100
** Significant at P < 0.01.
Fig. 3 – DMRT result for the effect of moisture content on SFC of pomegranate seed.
Fig. 4 – DMRT result for the effect of moisture content on DFC of pomegranate seed.
138 I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 3 ( 2 0 1 6 ) 1 3 3 –1 4 5ities as reported by Chen and Squire [51] for orange and
Thompson and Ross [52] for wheat.
3.4.3. Structural surface
DMRT result for effect of structural surface on SFC and DFC is
illustrated in Figs. 6 and 7, respectively. As it can be seen in
the figures, the highest SFC and DFC were obtained on the
rubber structural surface, followed by galvanized steel, ply-wood, aluminum and finally glass. The SFC and DFC signifi-
cantly differed from minimum to maximum value by
approximately 88% and 50%, respectively. Different qualities
of the structural surfaces led to such a variation at all exper-
imental conditions. Previous studies showed that the smooth
surface of glass resulted in lower adhesion force between the
samples and the surface, and consequently the lowest SFC
and DFC [53].
Fig. 5 – DMRT result for the effect of sliding velocity on DFC of pomegranate seed.
Fig. 6 – DMRT result for the effect of structural surface on SFC of pomegranate seed.
Fig. 7 – DMRT result for the effect of structural surface on DFC of pomegranate seed.
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SFC and DFC with that of moisture content or sliding velocity
showed that the structural surface effect was more efficient
than the two others (88% > 49.43% and 50% > 37% or 40.06%).
The result is in agreement with the prediction stated in Sec-
tion 3.3 for the effect of structural surface on SFC and DFCto be greater than the effect of moisture content and sliding
velocity.
Similar to results of the present study, remarkable effect of
structural surface on SFC of African breadfruit and Prosopis
africana seeds was reported by Omobuwajo et al. [54] and
Akaaimo and Raji [55], respectively.
Fig. 8 – Dual interaction effect of moisture content and structural surface on SFC of pomegranate seed.
Fig. 9 – DMRT result for dual interaction effect of structural surface and moisture content on DFC of pomegranate seed.
Fig. 10 – DMRT result for dual interaction effect of structural surface and sliding velocity on DFC of pomegranate seed.
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3.5.1. Dual interaction effect
3.5.1.1. SFC. Fig. 8 presents dual interaction effect of mois-
ture content and structural surface on SFC of pomegranate
seed. According to the values in the figure, bivariate changeof moisture content from 4 to 21.9% (d. b.) along with struc-
tural surface change from glass to rubber resulted in a SFC
increment by approximately 200%. It was indicated in Sec-
tions 3.4.1 and 3.4.3 that univariate effect of moisture content
or structural surface on SFC, from lowest to highest experi-
mental condition, were by about 50% or 88%, respectively.
Fig. 11 – DMRT result for dual interaction effect of moisture content and sliding velocity on DFC of pomegranate seed.
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and equipment, dual positive effect of moisture content and
structural surface on SFC must be considered as stronger
than effect of moisture content or structural surface, solely.Table 5 – DFC of pomegranate seed as affected by triple interact
Structural surface Moisture content (d. b.%) Sliding velocity
1.4
Glass
4 0.197 ± 0.007
8.9 0.217 ± 0.007
13 0.251 ± 0.007
17.8 0.318 ± 0.014
21.9 0.360 ± 0.025
Aluminum
4 0.218 ± 0.008
8.9 0.256 ± 0.026
13 0.321 ± 0.014
17.8 0.355 ± 0.027
21.9 0.419 ± 0.005
Plywood
4 0.303 ± 0.010
8.9 0.337 ± 0.009
13 0.352 ± 0.034
17.8 0.367 ± 0.004
21.9 0.370 ± 0.022
Galvanized steel
4 0.401 ± 0.004
8.9 0.413 ± 0.001
13 0.456 ± 0.003
17.8 0.469 ± 0.002
21.9 0.490 ± 0.003
Rubber
4 0.410 ± 0.008
8.9 0.428 ± 0.006
13 0.444 ± 0.007
17.8 0.462 ± 0.009
21.9 0.495 ± 0.011In the field of determining SFC of horticultural products,
similar to attempt made in this study, dual effect of changing
moisture content and structural surface on SFC of pumpkin
seeds [56], pistachio nut and its kernel [57] and sun-driedion effect of main treatments.
(cm/s)
5 8.7 12.5 16
0.230 ± 0.006 0.253 ± 0.015 0.293 ± 0.009 0.339 ± 0.008
0.252 ± 0.012 0.296 ± 0.005 0.332 ± 0.007 0.380 ± 0.009
0.314 ± 0.014 0.334 ± 0.012 0.376 ± 0.018 0.413 ± 0.016
0.345 ± 0.009 0.398 ± 0.014 0.425 ± 0.015 0.459 ± 0.017
0.428 ± 0.027 0.454 ± 0.036 0.471 ± 0.030 0.496 ± 0.031
0.242 ± 0.011 0.253 ± 0.014 0.292 ± 0.018 0.323 ± 0.016
0.306 ± 0.011 0.321 ± 0.009 0.330 ± 0.026 0.351 ± 0.010
0.332 ± 0.022 0.350 ± 0.029 0.438 ± 0.010 0.485 ± 0.005
0.379 ± 0.013 0.442 ± 0.011 0.531 ± 0.045 0.538 ± 0.013
0.451 ± 0.020 0.509 ± 0.011 0.543 ± 0.014 0.558 ± 0.017
0.325 ± 0.013 0.373 ± 0.013 0.399 ± 0.009 0.418 ± 0.014
0.381 ± 0.011 0.396 ± 0.007 0.442 ± 0.013 0.459 ± 0.013
0.405 ± 0.013 0.437 ± 0.028 0.468 ± 0.007 0.493 ± 0.021
0.456 ± 0.011 0.479 ± 0.010 0.505 ± 0.018 0.523 ± 0.010
0.490 ± 0.005 0.512 ± 0.013 0.517 ± 0.021 0.565 ± 0.027
0.440 ± 0.005 0.456 ± 0.002 0.489 ± 0.004 0.505 ± 0.001
0.445 ± 0.002 0.475 ± 0.002 0.498 ± 0.001 0.529 ± 0.002
0.476 ± 0.003 0.492 ± 0.004 0.503 ± 0.001 0.537 ± 0.002
0.485 ± 0.002 0.505 ± 0.001 0.516 ± 0.002 0.548 ± 0.001
0.512 ± 0.002 0.534 ± 0.003 0.569 ± 0.003 0.590 ± 0.003
0.430 ± 0.007 0.462 ± 0.008 0.496 ± 0.009 0.517 ± 0.007
0.472 ± 0.009 0.509 ± 0.003 0.520 ± 0.005 0.549 ± 0.003
0.487 ± 0.006 0.512 ± 0.008 0.532 ± 0.006 0.592 ± 0.009
0.513 ± 0.007 0.538 ± 0.005 0.589 ± 0.013 0.619 ± 0.006
0.548 ± 0.005 0.558 ± 0.007 0.611 ± 0.006 0.632 ± 0.005
Fig. 12 – Fitted MLR models to SFC data of pomegranate seed.
Fig. 13 – Fitted MLR models to DFC data of pomegranate seed.
142 I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 3 ( 2 0 1 6 ) 1 3 3 –1 4 5Berberis fruit (Berberis crataegina) [58] were considered in pre-
vious works.
3.5.1.2. DFC. Dual interaction effect of structural surface
and moisture content on DFC of pomegranate seed is
described in Fig. 9. With reference to the results in the figure,
simultaneous change of moisture content from 4 to 21.9% (d.
b.) and structural surface from glass to rubber led to DFC
growth by about 118%.Fig. 10 shows dual interaction effect of structural surface
and sliding velocity on DFC of pomegranate seed. As it can
be inferred from the figure, dual interaction effect of struc-
tural surface varying from glass to rubber and sliding velocity
from 1.4 to 16 (cm/s) resulted in an increase in DFC by
117.98%.
Results of dual interaction effect of moisture content
and sliding velocity on DFC of pomegranate seed (Fig. 11)
indicated that the DFC increased by 86.23% as affected by
Table 6 – Coefficients and statistical parameters of MLR modeling of SFC and DFC of pomegranate seed.
Structural surface Type a0 a1 a2 R
2 RMSE MRDM (%)
Glass SFC 0.1731 0.0119 0 0.964 0.01884 4.143
DFC 0.1250 0.0102 0.0010 0.981 0.01218 2.862
Aluminum SFC 0.2227 0.0114 0 0.956 0.01943 3.398
DFC 0.1213 0.0133 0.0098 0.952 0.02354 4.924
Plywood SFC 0.3222 0.0814 0 0.989 0.00692 1.085
DFC 0.2553 0.0071 0.0094 0.937 0.01834 3.034
Galvanized steel SFC 0.3402 0.0076 0 0.974 0.01017 1.736
DFC 0.3807 0.0043 0.0064 0.957 0.00970 1.510
Rubber SFC 0.4882 0.0098 0 0.972 0.01367 1.314
DFC 0.3626 0.0058 0.0089 0.974 0.01029 1.577
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(d. b.) and sliding velocity from 1.4 to 16 (cm/s).
Comparing results of dual interaction effect with single
effect of various treatments on DFC of pomegranate seed
(Sections 3.4.1–3.4.3), it was found that the dual interaction
effect of treatments was more efficient. Therefore, this results
can be considered as distinguished basic engineering infor-
mation in optimization of associated machines or robots
involved in pomegranate seed mechanization processes.
Although there are no published results about dual inter-
action effect such treatments on DFC of horticultural prod-
ucts in previous studies, similar to the results of this study,
Asli-Ardeh et al. [59] explained the results of dual interaction
effect of main treatments on DFC of paddy grains.
3.5.2. Triple interaction effect
Table 5 reports results of triple interaction effect of main
treatments on DFC of pomegranate seed. Reviewing values
in the table demonstrated that the DFC increased between
lowest experimental level (structural surface: glass, moisture
content: 4 and sliding velocity: 1.4) and highest experimental
level (structural surface: rubber, moisture content: 21.9 and
sliding velocity: 16) by 220.81%. The triple interaction of treat-
ments was more efficient than dual interaction and single
effect of the treatments, regarding previous Sections 3.4.1–
3.4.3 and 3.5.1.2. From engineering point of view, the strong
triple effect, followed by dual effect, of main treatments on
DFC is recommended to be considered for decrement or incre-
ment of DFC as affected by studied treatments, simultaneous
application of the treatments must be a top priority.
3.6. Evaluation of developed MLR models
Figs. 12 and 13 graphically show a MLR model fitted to mea-
sured SFC and DFC of pomegranate seed, respectively. A per-
ception of DFC changes influenced by two variables (moisture
content and sliding velocity) is illustrated in Fig. 13 using 3D
charts. As it can be seen in Figs. 12 and 13, SFC linearly
increased as moisture content increased and DFC rose lin-
early by simultaneous increment of moisture content and
sliding velocity, too.
The values of statistical parameters used to evaluate the
goodness of fit of MLR models to collected data for SFC and
DFC of pomegranate seed, along with coefficients of theMLR models are tabulated in Table 6. The acceptable values
of coefficient of determination (R2 > 0.9), RMSE and MRDM
listed in the Table 6 indicated that the MLR model could sat-
isfactorily predict the SFC and DFC through the investiga-
tional conditions. On the other hand, developed MLR
models are helpful to directly predict SFC and DFC of pome-
granate seed for the experimental range of sliding velocity
(1.4–16 (cm/s)) and moisture content (4–21.9% (d. b.)) with
respect to type of structural surface.4. Conclusions
The paper presented the valuable information about SFC and
DFC of pomegranate seed as affected by several factors which
can be summarized as following items:
1- SFC and DFC were in the range of 0.232–0.694 and
0.197–0.632, respectively, on different structural sur-
faces (glass, aluminum, plywood, galvanized steel and
rubber) and five levels of moisture content and sliding
velocity.
2- ANOVA results indicated that the effect of main treat-
ments and interaction of them on SFC and DFC was sig-
nificant. However, the single effect of structural surface
treatment was stronger than other single effects.
3- Triple interaction effect of main treatments was more
efficient than dual interaction effect followed by single
effect of them on DFC.
4- DMRT results also reported the more effective dual
interaction effect of main treatments than single effect
of them on SFC.
5- SFC increased as moisture content increased from 4 to
21.9% (d. b.) and DFC rose as individual or simultaneous
increment of moisture content and sliding velocity (1.4–
16 (cm/s)) occurred on all used structural surfaces.
6- MLR model could satisfactorily predict SFC and DFC for
each type of structural surface. Mean values of statisti-
cal parameters used to evaluate predictive ability of
MLR models were R2 = 0.966, RMSE = 0.01431 and
MRDM = 2.558%.
The above mentioned information present useful guid-
ance for designers and operators of postharvest processing
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